Outbreaks of Escherichia coli O157:H7 infections have been linked increasingly to leafy greens, particularly to lettuce. We present here the first evidence that this enteric pathogen can multiply on the leaves of romaine lettuce plants. The increases in population size of E. coli O157:H7 in the phyllosphere of young lettuce plants ranged from 16-to 100-fold under conditions of warm temperature and the presence of free water on the leaves and varied significantly with leaf age. The population size was consistently ca. 10-fold higher on the young (inner) leaves than on the middle leaves. The growth rates of Salmonella enterica and of the natural bacterial microflora were similarly leaf age dependent. Both enteric pathogens also achieved higher population sizes on young leaves than on middle leaves harvested from mature lettuce heads, suggesting that leaf age affects preharvest as well as postharvest colonization. Elemental analysis of the exudates collected from the surfaces of leaves of different ages revealed that young-leaf exudates were 2.9 and 1.5 times richer in total nitrogen and carbon, respectively, than middle-leaf exudates. This trend mirrored the nitrogen and carbon content of the leaf tissue. Application of ammonium nitrate, but not glucose, to middle leaves enhanced the growth of E. coli O157:H7 significantly, suggesting that low nitrogen limits its growth on these leaves. Our results indicate that leaf age and nitrogen content contribute to shaping the bacterial communities of preharvest and postharvest lettuce and that young lettuce leaves may be associated with a greater risk of contamination with E. coli O157:H7.
Lettuce (Lactuca sativa) was among the fresh produce items most commonly implicated in epidemics of food-borne illness in the United States between 1973 and 1997 (36) . Escherichia coli O157:H7 is the most common bacterial etiologic agent of outbreaks associated with this commodity and other leafy greens (2, 34, 36) . According to the U.S. Centers for Disease Control and Prevention, 20 outbreaks and 634 cases of illness from E. coli O157:H7 were attributed to lettuce alone during 1998 to 2005 (25) . However, lettuce has been linked also to several outbreaks of salmonellosis in the United States (36) , Australia (38) , Finland (40) , and England (see reference 1 and references therein).
Ercolani (11) demonstrated that E. coli and Salmonella enterica serovar Typhimurium survived on lettuce in the field throughout the growing season until harvest. More recent studies by Islam and coworkers (17, 18) provided evidence that E. coli O157:H7 and Salmonella serovar Typhimurium can persist on lettuce and parsley plants in the field from the time of inoculation onto young seedlings with contaminated manure or irrigation water until several days after they normally would be harvested. It remains unclear whether the long-term persistence of enteric pathogens in the studies mentioned above resulted solely from the survival of a low percentage of the inoculum cells or from the outcome of growth and death events in the pathogen cell population on these plants. Previous greenhouse and plant growth chamber studies have provided evidence for the ability of E. coli K-12 and S. enterica to multiply on the leaves of beans and corn (33) and cilantro (3) plants. However, despite growth-conducive conditions of warm temperature and high water availability in the cilantro phyllosphere, S. enterica achieved lower population sizes on the leaf surface than bacterial leaf colonists, thus indicating that the human pathogen had a comparatively reduced fitness in the leaf habitat (3) . The nature of the bacterial and plant factors that dictate the fitness of enteric pathogens on leafy crops in the preharvest environment remains largely unexplored.
Leaf surfaces are overall poor in substrates for bacterial cells (22, 24, 27, 41) compared to the nutrient-rich intestines of animals that enteric pathogens colonize. However, studies performed with whole-cell bacterial biosensors for sucrose and fructose revealed heterogeneous distribution of these sugars on leaf surfaces, with few microsites harboring abundant quantities of them (8, 22, 28) . In addition, rapid changes in water availability on the leaf surfaces of crops affect the solubility of nutrients that may be used by the plant microflora (15) . Periods of dryness on the phylloplane are interrupted by rainfall, dew formation, or crop irrigation, which may benefit bacterial leaf inhabitants by increasing water availability and solubilization of substrates. The distribution of water on the leaf surface upon wetting events also is not homogenous. For example, the enhanced wettability of the leaf veins has been proposed as one of the factors that enable the increased colonization of this area by epiphytic bacteria (21) , as well as by S. enterica (3) . Thus, the heterogeneous distribution of physicochemical factors on a given leaf and between leaves of the same plant may provide microsites that are hospitable to bacteria, including enteric pathogens such as S. enterica and E. coli O157:H7.
Although several studies have reported on the behavior of E. coli O157:H7 on cut or shredded lettuce leaves (9, 23, 26, 37), the potential of this pathogen to colonize intact lettuce leaves in the pre-and postharvest environments remains largely unknown. The ability of enteric pathogens to multiply on the surface of leafy greens may be a critical factor in the epidemiology of zoonotic diseases linked to this commodity. The main objective of this study was to investigate the growth of E. coli O157:H7 on lettuce leaves in a pre-and postharvest model. Bacterial population dynamics and microscopy were used to study the behavior of E. coli O157:H7 in the complex canopy of young romaine lettuce plants and on harvested leaves. Additionally, elemental analysis of leaf exudates and complementation of bacterial growth with specific nutrients were carried out to provide evidence that leaf age and nitrogen abundance affect the fitness of E. coli O157:H7 in the lettuce phyllosphere.
MATERIALS AND METHODS
Strains and growth conditions. A spontaneous rifampin-resistant mutant of E. coli O157:H7 strain H1827, a clinical isolate linked to an outbreak of E. coli O157:H7 infections associated with lettuce in Connecticut and Illinois in 1996 (14) and a gift from T. Barrett (U.S. Centers for Disease Control and Prevention), was used in this study. The spontaneous rifampin mutant of E. coli O157:H7 H1827, named herein H1827R, was isolated from Luria-Bertani agar plates containing 100 g rifampin per ml. The plate had been streaked with the parental strain and incubated at 37°C. For microscopy, E. coli O157:H7 H1827 was transformed with plasmid pGT-KAN, which harbors the gene encoding the green fluorescent protein (GFP) expressed from the kanamycin resistance gene promoter and which was described previously (4). This plasmid was stably maintained in E. coli O157:H7 H1827 and conferred it intrinsic green fluorescence. This GFP-labeled strain is referred to as H1827R pGT-KAN. Also, a spontaneous nalidixic acid-resistant mutant of S. enterica serovar Thompson strain RM1987, designated RM1987N, was used in comparative plant studies with E. coli O157:H7. Strain RM1987 is a clinical isolate from a patient in a cilantrolinked outbreak in California and was described previously (4) .
For plant inoculations, all strains were cultured to the early stationary phase of growth on a rotary shaker at 28°C in Luria-Bertani broth amended with rifampin (100 g/ml) or nalidixic acid (50 g/ml). Gentamicin (15 g/ml) was used also for the growth of E. coli O157:H7 H1827R pGT-KAN. For in vitro studies with leaf homogenates or exudates, E. coli O157:H7 strain H1827R inoculum was cultured in minimal M9 with 0.2% glucose and rifampin.
Plant growth conditions. Romaine lettuce plants (Lactuca sativa cv. Parris Island) were used throughout these studies. The plants were grown to the 10th to 12th leaf stage ( Fig. 1 ) in a Percival plant growth chamber (Percival Scientific, Perry, IA) with a 14-h photoperiod and day and night temperatures of 22°C and 16°C, respectively, before being used in preharvest experiments. Alternatively, the plants were grown to mature heads in a greenhouse with a 16-h photoperiod and day and night temperatures of 24°C and 18°C, respectively, before the leaves were harvested for postharvest experiments (Fig. 1) . All plants were grown in Sunshine mix 1 (Sun Gro Horticulture Distribution, Inc., Bellevue, WA) and were fertilized weekly, starting at 2 weeks after emergence, with 1 mg NKP 20:20:20 (Spectrum Brands, Inc., Atlanta, GA) per plant.
Plant inoculations-preharvest studies. Cells of E. coli O157:H7 H1827R or S. enterica RM1987N that were cultured as described above were washed twice by centrifugation in 10 mM potassium phosphate buffer, pH 7 (PPB-10 mM), and resuspended in 0.5 mM potassium phosphate buffer, pH 7 (PPB-0.5 mM), at 1 ϫ 10 5 cells/ml. Potted lettuce plants at ca. the 10th to 12th leaf stage were inoculated with one of the pathogens by inverting the pot and immersing the aerial part of the plant in the bacterial suspension for 3 s. Care was taken to prevent contamination of the inoculum suspension with soil particles from the pot by wrapping the top of the pot around the lettuce plants with plastic film. Following inoculation, the plants were kept inverted for a short time to drain the excess inoculum from their surface and prevent its accumulation at the bottom of the inner rosette. The inoculum concentration resulted in approximately 10 4 cells of the pathogen per gram of leaf tissue. The plants were then placed at 28°C for 3 days in a randomized design in a chamber that allowed for the presence of free water on the leaf surface. High humidity levels (100% relative humidity) were maintained in the chamber by placing water-saturated paper at its bottom; this high relative humidity combined with minimal airflow in the chamber promoted the formation of dew on the lettuce plants.
For microscopy, lettuce plants were grown to the sixth to eighth leaf stage and inoculated with a suspension of 10 5 cells of E. coli O157:H7 H1827R pGT-KAN per milliliter. The inoculation and subsequent plant incubation were performed as described above.
Leaf inoculations-postharvest studies. Leaves of romaine lettuce plants grown to full head in the greenhouse or leaves of field-grown romaine lettuce heads obtained from a distributor were harvested and inoculated in a suspension of the pathogen prepared as described for the preharvest studies and adjusted to a final concentration of 10 4 cells/ml. For nitrogen and carbon amendment studies on leaves, ammonium nitrate or glucose at a final concentration of 6 mM or 0.1%, respectively, was added to the PPB-0.5 mM used to prepare the inoculum suspension. The cells were suspended at 10 4 cells per milliliter, and the suspension was inoculated onto the leaves immediately after preparation. For these studies, ammonium nitrate was used instead of ammonium chloride in order to avoid a potential inhibition of bacterial growth caused by chloride on the leaf surface.
Each leaf was inoculated individually by holding it at its base and immersing it for 3 s in the bacterial suspension up to 4 cm from the base to prevent inoculum from penetrating the vascular tissue at the cut end of the leaf. The excess inoculum suspension was drained briefly from the inverted leaves, and each leaf was placed inverted in a plastic bag. The open bags were placed at 28°C for 3 days in a randomized design in a humidity chamber that allowed for the presence of free water on the leaf surface, as described for the preharvest studies.
Measurement of bacterial populations on leaves. For most experiments, lettuce leaves were sampled from three different age groups. For inoculated potted plants (ca. 10th to 12th leaf stage), old, middle, and young leaves represented, in order of emergence, the first and second leaves, the fifth and sixth leaves, and the inner rosette consisting of all leaves smaller than 4 cm, respectively. For leaves that were harvested from mature lettuce heads grown in the greenhouse, old, middle, and young leaves represented, respectively, the sixth to ninth leaves, the 11th to 15th leaves (not part of the tightly closed head), and the young inner leaves that were 5 to 12 cm long and were enclosed in more-mature leaves. For these experiments, the middle and old leaf samples each consisted of one leaf per replicate sample, whereas three young leaves from the same inner rosette were pooled into one replicate sample.
At each sampling time, each leaf sample from young lettuce plants or from mature heads was placed in a bag in 20 or 100 ml PPB-10 mM, respectively. The leaf sample was sonicated in the buffer in an Astramax Generator sonicator bath (Misonix, Inc., Farmingdale, NY) at 250 W for 1 min and then rubbed vigorously by hand for 1 min on each side to further remove the bacterial cells from the leaves. Rubbing was as efficient in bacterial removal as the use of a stomacher at high power for 1 min, while allowing for the use of smaller buffer volumes and therefore for the detection of smaller bacterial populations. The resulting suspension was shaken to homogenization and plated with an automated plater (Autoplate 4000; Spiral Biotech, Inc., Norwood, MA). Suspensions from leaves inoculated with S. enterica RM1987N and E. coli O157:H7 H1827R were plated onto Luria-Bertani agar containing nalidixic acid and rifampin, respectively. The total culturable aerobic bacterial flora on the leaves was estimated by plating the leaf washing suspensions onto 10% tryptic soy agar. The population size of the indigenous culturable bacteria was calculated by subtraction of the enteric pathogen count on selective plates from that of total counts on tryptic soy agar.
Culture of the pathogens in leaf homogenates. Homogenates were prepared from leaves sampled from mature heads of lettuce plants grown in the greenhouse. Young, middle, and old leaves, as defined above, were homogenized with FIG. 1. Images of (A) a young romaine lettuce plant grown in a growth chamber and (B) romaine lettuce leaves harvested from plants grown in a greenhouse. The plant material is representative of that used in the preharvest (A) and postharvest (B) studies described herein. The leaves were categorized into three age groups: young (y), middle (m), and old (o).
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a Sorvall Omni-mixer separately on ice at 42 g (wet weight) leaf tissue per 100 ml double-distilled water. The homogenates were passed through a fine-mesh sieve, and the filtrate was diluted 1.25-fold in 1ϫ final modified M9 minimal salts (42 mM Na 2 HPO 4 , 24 mM KH 2 PO 4 , 9 mM NaCl, and 1 mM MgSO 4 ) alone or containing a final concentration of 19 mM ammonium chloride, 19 mM potassium nitrate, or 0.5% glucose. All homogenate cultures were amended with rifampin to select for growth of E. coli O157:H7 H1827R. Overnight cultures of this pathogen in standard M9-glucose minimal medium were centrifuged, and the cells were washed twice in PPB-10 mM, resuspended in this buffer, and then added to the homogenate solution at 10 6 cells/ml. Each type of homogenate was tested as three replicate cultures of 5 ml each. The cultures were incubated at 28°C and 250 rpm, and the bacterial concentration was measured after 16 and 22 h of incubation. Homogenates amended with potassium nitrate were incubated as stationary cultures to minimize their oxygen content.
Recovery of leaf exudates, C and N quantification, and in vitro culture tests. Mature plants from the greenhouse were sprayed lightly with double-distilled water and placed in a humidity chamber (described above) at 4°C overnight in order to promote solubilization of exudates on the surface of the leaves as well as guttation. Young, middle, and old leaves (as defined above) were sampled, both sides of each leaf were sprayed with double-distilled water with an air brush, and the runoff water was collected in a large petri dish. During this process, the leaf was held upside down by the stem over the petri dish and water was prevented from touching the open stem area. About 100 ml aqueous leaf exudate solution was collected in total from 10 to 20 leaves (depending on the age of the leaves) for each age group. The exudate solutions were concentrated in a freeze dryer (Freezemobile 12XL; VirTis, Gardiner, NY), transferred to tin cups, and dried to completion before analysis for total N and C content on a Carlo-Erba elemental analyzer (CE Instruments 1500 elemental analyzer).
To test leaf exudates for their ability to support growth of E. coli O157:H7 H1827R in vitro, the dried exudates from 13 g (wet weight) leaf tissue were mixed with 2 ml PPB-10 mM, supplemented or not with either glucose or ammonium chloride at a final concentration of 0.2% or 10 mM, respectively. E. coli O157:H7 H1827R was cultured in M9 minimal medium as described above, and the cells were washed twice in PPB-10 mM before being resuspended in the same buffer. Two replicate samples of 1 ml filter-sterilized exudate solution were inoculated to a final concentration of 10 4 cells/ml. The cultures were incubated at 40 rpm and 28°C and sampled at various times after inoculation for measurement of bacterial concentration by plating onto Luria-Bertani agar containing rifampin.
Microscopy. Five leaves of each age group were sampled from replicate lettuce plants 4 days after inoculation. The localization of E. coli O157:H7 H1827R pGT-KAN was examined on the adaxial surface of four or six 1-cm discs that were sampled from a young or middle leaf, respectively, and were then mounted in AquaPoly/mount (Polysciences, Warrington, PA). Approximately 20 fields of view were observed for each leaf disc. The GFP signal from the bacteria and the red autofluorescence of the plant cells were visualized under a Leica TCS-NT confocal microscope (Leica Microsystems, Wetzlar, Germany) with emission filter sets BP525/50 and LP590, respectively. Observations were confirmed in two additional replicate experiments.
Statistical analyses. Each experiment was replicated at least twice. All statistical analyses were performed with the program Prism, version 3.0 (GraphPad Software, Inc., San Diego, CA).
RESULTS
Colonization of pre-and postharvest leaves. The growth potential of E. coli O157:H7 and S. enterica on lettuce leaves was investigated first by inoculation of young potted plants and their subsequent incubation under conditions of warm temperature and the presence of free water on the plant surface. The population sizes of E. coli O157:H7 and S. enterica on these leaves increased as much as 100-and 155-fold, respectively ( Fig. 2A and B) . The growth and maximum population sizes of these pathogens in the lettuce phyllosphere varied with the age of the leaves. The growth achieved on the young leaves of the inner rosette was consistently higher than that on the middle leaves, with a sevenfold difference in population size for both E. coli O157:H7 and S. enterica 48 h after inoculation (unpaired t test; t ϭ 9.68, P Ͻ 0.0001, and t ϭ 13.20, P Ͻ 0.0001, respectively) ( Fig. 2A and B) . The population sizes of E. coli O157:H7 and S. enterica on the old leaves varied markedly between replicate experiments but rarely exceeded those on young leaves. Similar differences in population sizes on middle and young leaves were observed for inoculated lettuce plants that were grown in the greenhouse to the same developmental stage as the plants grown in growth chambers (data not shown).
The population sizes of the culturable indigenous bacteria on the inoculated leaves showed leaf age-dependent trends that were very similar to those observed for the enteric pathogens (Fig. 2C) . Indeed, although differences in population size were not as great as for enteric pathogens, the growth and population sizes of the native bacteria also were higher on the young leaves than on the middle leaves. It is noteworthy that the old leaves harbored 10 times more indigenous bacteria than the middle and young leaves at the time of inoculation. Also, the indigenous bacteria multiplied on the leaves over a longer period of time than the inoculated pathogens. This corroborated our observations from previous studies (3). In order to better understand the behavior of the pathogens on lettuce leaves contaminated during harvest or processing, the growth of E. coli O157:H7 and S. enterica was quantified on inoculated whole leaves harvested from mature plants grown in the greenhouse and used for our experiments immediately after harvest. The population sizes of E. coli O157:H7 and S. enterica increased 500-and 740-fold on young leaves, respectively ( Fig. 3A and B) . In contrast, E. coli O157:H7 and S. enterica had a much lower growth rate on middle leaves, with population sizes increasing only 56-and 150-fold, respectively ( Fig. 3A and B) . Thus, similar trends in the growth of the pathogens in relation to leaf age were observed for both preand postharvest lettuce.
In order to test the relevance of our experimental system to field-grown lettuce, we measured the growth of E. coli O157:H7 on leaves from lettuce heads that were farm grown and purchased from a distributor in California. The doubling time of E. coli O157:H7 on young leaves (equivalent to romaine heart leaves) was 2.38 h, compared to 3.63 h on middle leaves, and maximum E. coli O157:H7 populations were 10-fold higher on young leaves than on middle leaves 24 h after inoculation. Thus, leaf age-dependent growth of E. coli O157:H7 occurred also on farm-grown lettuce. In addition, the growth rates of the pathogen were similar, although slightly higher on farm-grown lettuce than on our greenhouse-grown plants, since the doubling times on the latter were 2.66 h and 4.23 h on young and middle leaves, respectively.
Localization of E. coli O157:H7 cells on lettuce leaves. The distributions of E. coli O157:H7 pGT-KAN cells appeared to be very similar on both young and middle leaves immediately after inoculation, as all cells were located singly at distant locations on the leaves. Four days after inoculation, the densities of E. coli O157:H7 cells varied from disc to disc within the same leaf as well as from leaf to leaf for both leaf ages studied (young and middle leaves). However, obvious differences in colonization by the pathogen were observed. In general, the pathogen colonized a larger percentage of the surface of young leaves than that of middle leaves, despite the great similarity in distributions of the pathogen cells on these leaves immediately after inoculation. Although cells of the pathogen were present on the veins and in the areas between the veins on both the middle and the young leaves, they did not occupy as many sites and their density at a given site was not as high on middle leaves as on young leaves (Fig. 4A and B) . Nevertheless, large clusters of the pathogen were occasionally observed on middle leaves, which suggested that significant growth could occur at rare microsites (Fig. 4C) . Additionally, colonization of the base of the trichomes or of the trichomes themselves was observed frequently on the young lettuce leaves (Fig. 4D) .
Growth complementation in leaf homogenates. The hypothesis that bacterial growth on leaves of different ages was related to the abundance of an essential nutrient was tested first by comparing the levels of growth of E. coli O157:H7 in homogenates of lettuce leaves of different ages. Equal amounts of homogenates of old, middle, and young leaves of mature plants were added separately to M9 minimal medium from which ammonium chloride (nitrogen source) or glucose (carbon source) was left out and inoculated with E. coli O157:H7. The pathogen exhibited considerably faster growth and achieved higher cell concentrations in homogenates of young leaves than in those of middle and old leaves (Fig. 5A and B) . Whereas supplementation of the homogenates with ammonium chloride or potassium nitrate did not have any effect on the growth of the pathogen in the homogenates of young leaves, it complemented its growth in the homogenates of middle and old leaves to levels similar to those in the homog- FIG. 3 . Postharvest population dynamics of (A) E. coli O157:H7 strain H1827R and (B) Salmonella enterica serovar Thompson strain RM1987N on young (•), middle (OE), and old (f) leaves of mature romaine lettuce plants. The leaves were harvested from lettuce heads immediately after harvest and were then inoculated with each pathogen separately before incubation at 28°C under conditions allowing for the presence of free water on the leaf surface. Each datum point represents the mean of the log-transformed value of the bacterial population size per gram leaf tissue for 10 leaf samples; error bars indicate Ϯ1 standard error of the mean.
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enates of young leaves ( Fig. 5A and B) . In contrast, the addition of glucose to homogenates of middle leaves did not affect growth (Fig. 5C ). It is noteworthy that despite supplementation with 0.5% glucose, the homogenates of middle leaves did not support as much growth of E. coli O157:H7 as M9 minimal medium, which also contained 0.5% glucose (Fig. 5C ). This indicated again that a nutrient other than glucose was limiting growth in the middle-leaf homogenate cultures. Growth complementation in leaf exudates. E. coli O157:H7 was cultured in vitro in the exudates collected from leaves of mature lettuce plants grown in the greenhouse. The exudates from equal weights of young, middle, and old leaves were collected, concentrated, and then inoculated with E. coli O157: H7. The effect of supplementation of the exudates with glucose or ammonium chloride on the growth of E. coli O157:H7 in the exudates was tested to determine whether growth was limited by a carbon or nitrogen source. The growth rate and maximum cell concentration of E. coli O157:H7 were higher in the nonsupplemented exudates of young leaves than in those of middle and old leaves (Fig. 6A, B, and C) . These results correlated with differences in the population sizes of the pathogen on leaves ( Fig. 2 and 3 ) and in cell concentrations of the pathogen in leaf homogenates (Fig. 5) . Comparison of the cell concentrations after 18 h of incubation in the exudates, by which time the exponential growth had occurred, indicated that supplementation with ammonium chloride but not with glucose (Tukey-Kramer multiple comparison test; q ϭ 6.06, P Ͻ 0.05, and q ϭ 0.73, P Ͼ 0.05, respectively) increased the cell concentration of E. coli O157:H7 in exudates of middle leaves (Fig. 6B ) and old leaves (Fig. 6C) . On the contrary, supplementation of young leaf exudates with ammonium chloride or glucose did not affect significantly the growth of E. coli O157:H7 (Tukey-Kramer multiple comparison test; P ϭ 0.63), although the addition of glucose appeared to have a slight inhibitory effect at 28 h of incubation (Fig. 6A) .
Effect of amendments on epiphytic growth. The middle leaves of field-grown romaine lettuce heads were sampled and inoculated with E. coli O157:H7 cells suspended in PPB, in PPB with ammonium nitrate, or in PPB with glucose in order to test the effect of nitrogen (N) and carbon (C) amendments on the leaves on E. coli O157:H7 population sizes. In two replicate experiments, E. coli O157:H7 populations on middle leaves were significantly greater (five-and threefold) when ammonium nitrate was added to the leaves than without the amendment (Tukey-Kramer multiple comparison test; P Ͻ 0.001) (Fig. 7) . In contrast, population sizes of the pathogen on middle leaves were not significantly different with or without glucose amendment (P Ͼ 0.05). N and C elemental analysis. The exudates of leaves of the three different age categories were tested for their total con- tents of N and C by elemental analysis. Table 1 shows that the exudates of young leaves were 2.9-and 1.5-fold richer in N and C, respectively, than the exudates of middle leaves. The exudates of old leaves had the smallest amounts of both N and C. Similarly, the N content of the leaf tissue was higher in young than in middle leaves, but their C contents were the same. Although the absolute amounts of N and C were different in the replicate experiment, the same comparative trend in the N and C contents of the exudates and tissues of middle versus young leaves was observed. Also notable is the overall higher C exudate /C tissue ratio than the N exudate /N tissue ratio, independent of leaf age, reflecting that more C than N may leach from the tissue onto the surface.
DISCUSSION
Little attention has been given to the hypothesis that enteric pathogens such as E. coli O157:H7 may have the potential to grow on leafy vegetables in the field. On the contrary, the observation of their population decline after their inoculation onto crops in the field has supported the conclusion that the pathogens can persist but lack the ability to multiply in the phyllosphere of agricultural crops. Although survival studies of plants provide information about the populations of the pathogens over broad time scales, they offer little insight into the behavior of enteric pathogens under conditions that may be conducive to their growth on plants over short time scales. Hirano and Upper (16) have demonstrated that a common bacterial colonizer of leaves, Pseudomonas syringae, has very dynamic colonization patterns when monitored over short periods of time in the field. In that study, P. syringae exhibited repeated fluctuations in population size on leaves in as little as a few hours. It remains unknown whether cells of enteric pathogens also may experience similar cycles of growth and death at distinct microsites on leafy vegetables in the field, but the implications of short growth periods to the occurrence of outbreaks caused by preharvest contamination are worth investigating.
The data presented herein provide the first evidence for the ability of E. coli O157:H7 and S. enterica to multiply in the phyllosphere of young lettuce plants and on the harvested leaves of mature plants. This was observed at warm incubation temperatures and with the presence of free water on the leaves, which represent conditions that are conducive to bacterial growth in the presence of nutrient availability. These conditions are likely to occur on lettuce in the field during warm weather and in sites on the leaves where water remains after dew formation, rain, or overhead irrigation or during harvest when the leaves are kept wet in a container before reaching the processing plant.
Although it has been proposed that specific bacterial determinants may underlie the greater association of outbreaks from leafy greens with E. coli O157:H7 than with S. enterica (2) , the abilities of the two pathogens to multiply on lettuce leaves were very similar in this study. This similarity was observed for both pre-and postharvest leaves. Therefore, the trend in association of E. coli O157:H7 with leafy vegetables in the United States may instead be related to the prevalence of the pathogen in certain geographical areas where leafy vegetables are grown, as revealed in a recent study by Cooley et al. (6) . Nevertheless, the possibility remains that pathogen-specific factors that have a role in the fitness of S. enterica and E. coli O157:H7 on pre-and postharvest leaves were not required under the experimental conditions of our study, thus resulting in a greater similarity in the behaviors of these pathogens than would occur in the field and processing environments.
On the other hand, the results of this study demonstrate that a plant factor, namely, leaf age, has a role in the colonization of romaine lettuce by E. coli O157:H7 and S. enterica. Both pathogens achieved higher growth rates and about 10-fold higher population sizes on young than on middle lettuce leaves. These leaf age-dependent differences were observed for immature plants as well as for leaves sampled from mature lettuce heads. Also, microscopic observations of GFP-labeled E. coli O157:H7 revealed that it colonized young lettuce leaves at higher densities and at more sites than on the middle leaves, hence providing further evidence that an inherent plant factor was associated with these differences in colonization. It is noteworthy that the indigenous bacterial flora of lettuce, as well as a strain of Enterobacter cloacae inoculated onto lettuce (data not shown), showed similar levels of leaf age-dependent growth.
Numerous studies have demonstrated the role of leaf age in the composition and population size of epiphytic microbial communities (19) . Gradients of decreasing densities of epiphytic bacteria from the outer to the inner leaves have been reported for rosette-type leafy vegetables at harvest (10, 12, 20, 31) . Jacques et al. (20) proposed that decreasing bacterial immigration from the outer, more exposed leaves to the inner, more protected leaves of mature rosette-type plants in the field may contribute to this gradient. On the other hand, several studies have shown that bacteria inoculated onto plants multiply faster on young leaves than on old leaves (see reference 19 and references therein). This suggests that in addition to immigration rates, microbial and physicochemical factors that influence bacterial growth may shape bacterial population densities in the phyllosphere in a leaf age-dependent manner. Several lines of evidence from the present work support a role for nitrogen abundance on the phylloplane in the differential growth of E. coli O157:H7 on leaves of various ages: (i) complementation for growth of E. coli O157:H7 in homogenates and exudates of middle lettuce leaves with nitrogen, but not with glucose, to levels comparable to growth in homogenates and exudates of young leaves; (ii) elemental analysis of exudates and leaf tissue revealing a decreasing gradient of total N content from young to old leaves; and (iii) enhanced growth of E. coli O157:H7 on middle lettuce leaves resulting from amendment with nitrogen but not with glucose. The above-described observations correlate well with models of nitrogen allocation across the plant canopy, which stipulate that the most metabolically active leaf tissue (young tissue) has the highest nitrogen content (5, 35) . Phylloplanes harbor a variety of organic and inorganic substances that are leached or exuded from the leaf tissue (30, 41) and that can serve as nutrient sources to epiphytic bacteria. On lettuce leaves, some of these nutrients may originate from guttation fluids since guttation (the exudation of water through the hydathodes) is considered a common phenomenon in this crop (7) . It is noteworthy that the tension of the guttation fluids of lettuce is so low that the fluids appear to spread across the surface of the leaf and may even pool inside the lettuce head (7). Guttation fluids contain various substances, including carbohydrates, amino acids, and numerous inorganic compounds, including significant amounts of NH 4 and NO 3 ions (13). Considering that young leaf tissue contains more nitrogen than that of middle leaves, one could suggest a scenario in which guttation fluids on young lettuce leaves contribute greatly to increased levels of nitrogen available to bacteria that land on their surface. Also, the very high density of trichomes on young lettuce leaves may have a role in the high levels of nutrients present on their surface. The aggregation of epiphytic bacteria near or on trichomes has been reported, and the role of trichomes in supplying nutrients to the plant microflora has been proposed (29, 32, 43) .This is consistent with our observation and that of others (39) that E. coli O157:H7 cells are associated frequently with trichomes.
The results of our study are in contrast with a previous report that carbon, rather than nitrogen, limited the growth of P. syringae in the bean phyllosphere (42) . Indeed, addition of glucose failed to enhance significantly the growth of E. coli O157:H7 in exudates of and on middle lettuce leaves. This may be due to inherent differences in the model systems (bacteria and plants) used in the two studies or to experimental conditions that may have affected, among other things, the C:N ratio of nutrients on the phylloplane of the two plant species.
Although less emphasis was placed on the behavior of E. coli O157:H7 on old leaves in our studies, it is apparent that it multiplied more on old leaves than on middle leaves but that its population sizes were in general lower than on young leaves. The E. coli O157:H7 growth complementation in homogenates and exudates of old leaves by the addition of nitrogen, combined with the low levels of nitrogen detected in the exudates of old leaves, may indicate that nitrogen availability has a role in the colonization of old leaves. On the other hand, the observation that the pathogen nevertheless achieves higher population sizes on old leaves than on middle leaves suggests that additional unknown plant or bacterial factors may interact with nitrogen availability to shape its comparative population dynamics on lettuce in relation to leaf age.
Our experimental model relied on lettuce plants that were grown in plant growth chambers and in a greenhouse. Therefore, they probably were not as heavily colonized by microbes as plants that grow in the field and were not fertilized exactly as in a field situation. However, the resulting lower competition from the natural microflora enabled us to deconvolute the effects of microbial competition and leaf age and nutrient availability. One could argue that nitrogen and competitive microbes may not intersect at every microsite on a lettuce leaf and that each factor may play a distinct role at various locations on that leaf. It is important to underline that we observed similar differences in bacterial colonization in relation to leaf age, as well as complementation for growth of E. coli O157:H7 with ammonium nitrate on middle leaves, with leaves from harvested lettuce heads that were farm grown under standard production practices. These observations thus support the relevance of our microcosm model.
The enhanced multiplication of E. coli O157:H7 and S. enterica on young leaves implies that, theoretically, a single pathogen cell could form a colony of 10 cells upon arrival on a young leaf, in contrast to remaining solitary on a middle leaf. Therefore, young lettuce leaves may be more likely to host the pathogens at infectious doses than middle leaves and may represent a higher risk factor for food-borne illness. The pooling of contaminated irrigation water in the inner rosette of young lettuce plants in the field, combined with the hospitable environment to immigrant bacteria due to low population sizes of indigenous bacteria and a high abundance of nutrients compared to other leaves, is a likely scenario of contamination in the field. As these leaves expand over time and become the middle, and later the outer, leaves of the lettuce plant, they may contribute to maintaining inoculum in the field. In view of the role of nitrogen in the colonization of young leaves by enteric pathogens, the modulation of nitrogen fertilization in order to minimize the probability of pathogen amplification on leafy greens is a strategy worth exploring. Finally, if young leaves become contaminated with the enteric pathogens at or after harvest, they may constitute the highest risk factor in contamination of lettuce in the postharvest environment. This should be taken into account in sampling procedures for detection of enteric pathogens on lettuce and in scientific studies on control and sanitization strategies. 
